SUMMARY
The classic model for the evolution of novel gene function is through gene duplication followed by evolution of a new function by one of the copies (neofunctionalization) [1, 2] . However, other modes have also been found, such as novel genes arising from non-coding DNA, chimeric fusions, and lateral gene transfers from other organisms [3] [4] [5] [6] [7] . Here we use the rapid turnover of venom genes in parasitoid wasps to study how new gene functions evolve. In contrast to the classic gene duplication model, we find that a common mode of acquisition of new venom genes in parasitoid wasps is co-option of single-copy genes from non-venom progenitors. Transcriptome and proteome sequencing reveal that recruitment and loss of venom genes occur primarily by rapid cis-regulatory expression evolution in the venom gland. Loss of venom genes is primarily due to downregulation of expression in the gland rather than gene death through coding sequence degradation. While the majority of venom genes have specialized expression in the venom gland, recent losses of venom function occur primarily among genes that show broader expression in development, suggesting that they can more readily switch functional roles. We propose that co-option of single-copy genes may be a common but relatively understudied mechanism of evolution for new gene functions, particularly under conditions of rapid evolutionary change.
RESULTS AND DISCUSSION
Parasitoid wasps use venom to manipulate the metabolism and gene expression of their insect hosts in ways that create a suitable environment for feeding wasp larvae [8] [9] [10] [11] . In contrast to venomous predators (e.g., snakes, cone snails, scorpions) that primarily use their venom for prey capture and defense [12, 13] , venom of parasitoid wasps can alter the metabolism, immunity, and behavior of host insects while keeping hosts alive for extended periods [9] [10] [11] [14] [15] [16] [17] [18] [19] . Functional studies also reveal that individual venom proteins can induce targeted changes in gene expression in the hosts of parasitoids [4, 20] . Parasitoid venoms are excellent systems for studying the processes by which new gene functions evolve because parasitoid wasps within the same genus can show large shifts in the insect hosts that they parasitize (e.g., changes in host species, genera, or even orders) [21] [22] [23] [24] . The need to adapt to changing host ranges places pressure on the parasitoid venom repertoires to evolve quickly and to adopt novel functions. Here, we examine mechanisms of evolution in the highly specialized venom gland of four closely related parasitoid wasp species, Urolepis rufipes, Trichomalopsis sarcophagae, Nasonia vitripennis, and N. giraulti (Hymenoptera, Pteromalidae), to investigate how this rapidly adapting gland acquires novel venom functions (Figures 1A and S1A).
All four species parasitize insect pupae; however, the ecologies of these wasps vary from the broad generalist T. sarcophagae (parasitoid of flies, beetles, and butterflies) [22] , to semi-generalists N. vitripennis and U. rufipes (cyclorrhaph flies) [25, 26] , and specialist N. giraulti (protocalliphorid flies) [27] . The two Nasonia species diverged $1.6 million years ago (MYA) [28, 29] , the Nasonia-Trichomalopsis complex $2.6 MYA, and the outgroup U. rufipes approximately $4.9 MYA. To determine the venom composition of these four species, we generated proteomes from the venom reservoir, which stores venom prior to injection into the host, and assembled de novo transcriptomes from the venom gland plus reservoir. These data are compared to existing [30-32] and our de novo expression and genome data (see STAR Methods for details).
The venom gland is a highly specialized organ, which expresses a relatively small set of genes at high levels. For example, in T. sarcophagae, 149 genes (only 0.9% of all genes in genome) account for 80% of expression in the venom gland ( Figure 1B) , whereas 10% and 15% of genes account for 80% of expression in adult males and females, respectively (c 2 , p < 0.001) ( Figure 1B ). We used the transcriptome and proteome data to define the venom set in each species (see STAR Methods for details) ( Figures 1A and S1 ). In total, 406 venom proteins were identified among the four species. These formed 183 homologous groups, 42% of which do not show protein homology to any other Hymenoptera genomes outside the parasitoid superfamily Chalcidoidea. Shifts in host range may shape venom composition, as the generalist T. sarcophagae has the most venom genes (134) and specialist N. giraulti has the least (78).
There is extensive and rapid turnover in venom genes, with both gains and losses in each species ( Figure 1A ). For example, over 40% of the venom repertoire has changed between the two closest species (N. vitripennis and N. giraulti [28, 29] ). Only 33 homologous groups (24%-42% of venom repertoires) are conserved as venom genes across all four species, hereafter designated as shared venom genes ( Figures 1A and S1C ). The vast majority of shared venom genes (90%) are also venom constituents in the more distantly related parasitoid genus Muscidifurax (15 million years [MY] divergent), indicating that the majority of shared venom proteins are conserved in the venoms of other Pteromalidae. In contrast, 4% to 25% of venom repertoires are specific to the venom of a single species ( Figures 1A and S1C ), although all of them have a non-venom ortholog in at least one other species.
This rapid turnover in venom repertoires raises the following question: where do new venom genes come from? The classic model for the evolution of novel gene function is by gene duplication and neofunctionalization [13, [33] [34] [35] . We find that many parasitoid wasp venom genes do not fit this model. Genome screens and phylogenetic analyses found that about half (49%) of the 53 recently gained venom genes (hereafter designated as newly recruited venom genes) in the Nasonia-Trichomalopsis complex ( Figure 1A ) are single-copy genes in their genomes and show no evidence of ever being duplicated, even to the distant outgroup Muscidifurax. An additional 34% were recruited from clades with an ancient duplication prior to divergence from Muscidifurax $15 MYA but evolved venom function in the NasoniaTrichomalopsis clade within the last 2.6 MY. Therefore, these newly recruited venom genes are not the result of recent duplication and neofunctionalization. Only 9 (17%) of newly recruited venom genes show some evidence of recent duplication in the Nasonia-Trichomalopsis clade, and, of these, only four are unambiguous examples of recent duplication and venom recruitment ( Figure S2 ; FigShare: http://dx.doi.org/10.6084/m9. figshare.4731850). Single-copy genes also make up a similar proportion of the older shared venom genes in N. vitripennis (c 2 , p = 0.79) and T. sarcophagae (c 2 , p = 0.45). Results therefore show that co-option of single-copy genes for venom function is a common mode for venom evolution. Additionally, there is little evidence for rapid adaptation at the protein level in newly recruited venom proteins, as none of 27 newly recruited venom genes with homologs in all four species show a significant signal of positive selection (mean u = 0.82; Table S1 ). Antifungal defense in the envenomated host is a possible function for one of the single-copy venom genes found in N. vitripennis [4] .
Duplication and neofunctionalization has been reported as a dominant mode for new venom gene evolution in venomous predators such as snakes [13, [33] [34] [35] [36] . However, it is also argued that duplication of broadly expressing venom genes followed by venom gland specialization is the predominant mode [37], and co-option has been shown to play a minor role in king cobra venom recruitment [38] . The differences in venom evolution between parasitoid wasps and predator venom systems might be due to the more diverse and subtle effects that parasitoids have on their hosts, which require manipulations of metabolism and host gene expression while keeping the host alive for a period of time [9, 10] ; thus, genes that are metabolic effectors could be co-opted for venom function [39] . An alternative explanation could be greater rates of gene duplication in vertebrates relative to insects, but available estimates indicate that duplication rates are similar [1] .
The rapid turnover of venom genes among closely related parasitoid species is primarily due to cis-regulatory changes in venom gland expression. The ratio of expression level for alleles from two different species in F1 hybrids, compared to the ratio of expression level in the parental species, is routinely used as a measure of cis-versus trans-regulation [40] [41] [42] . A high correlation in these ratios indicates that the regulatory element causing differences in allele-specific expression is in the vicinity of the gene (cis-regulated), whereas if the expression levels do not correlate, the regulatory element is located elsewhere in the genome (trans-regulated). Using single nucleotide polymorphism differences to quantify allele-specific gene expression in venom glands of N. vitripennis 3 N. giraulti F1 hybrid females, we find a strong correlation in relative venom allele expression between F1 hybrids and parental species, which indicates that expression-level changes have evolved by cis-regulatory changes ( Figure 1C ; rho = 0.85, p < 0.001). Several of these genes have unusually strong cis-regulation and were included in the list of ''super cis'' genes based on Nasonia adult wholebody genome-wide expression studies in hybrids [41] . Therefore, the rapid co-option of newly recruited single-copy genes is primarily accomplished by cis-regulatory mechanisms that alter gene expression in the venom gland.
We next looked at the degree of expression specialization of venom genes, by examining expression at five developmental stages in both sexes of T. sarcophagae (RNA-seq) and N. vitripennis (published genome-wide tiling array data [31]). In general, both shared and newly recruited venom genes show a similar expression pattern across development, with high expression in the venom gland and significantly lower expression in other developmental stages (Figure 2 ). Venom genes were found to have significantly lower median expression from early embryo to pupal stages in females and males when compared to (1) ribosomal genes in the same expression range as venom genes in the venom gland (mean 199-fold lower in T. sarcophagae and 2.6 in N. vitripennis, Wilcoxon rank-sum test [WRST], p < 0.0001) ( Figure 2) ; (2) all non-venom genes expressing at >50 fragments per transcript kilobase per million mapped reads (FPKM) in the venom gland, which is 40-fold lower to control genes in T. sarcophagae and 2.6 lower to control genes in N. vitripennis (WRST, p < 0.0001) ( Figure S3 ); or (3) physically adjacent non-venom genes (mean 27-fold lower in T. sarcophagae and 2.1 lower in N. vitripennis, WMPRST, p < 0.0001). Newly recruited venom genes show a similar expression pattern to the older shared venom genes (Figure 2 ), which suggests that the cis-regulated co-option of venom genes occurs rapidly. In adult females, venom gene expression is largely limited to the venom gland, as shown by qPCR of venom glands versus adult female carcasses with the venom apparatus removed (mean relative ratio of carcass to venom gland = 0.03 for nine genes, mean p value < 0.006) (Table S2) . Males do not have venom glands and therefore also serve as a proxy for adult somatic expression, and the median expression of T. sarcophagae venom genes is 68-fold lower in adult males than in the venom gland in females (134 venom genes, p < 0.01).
Although expression specialization is the common pattern, a subset of venom genes shows broader expression across development. To standardize expression estimates between species, we divided the genes into quantiles based on expression level (see STAR Methods for details). A quantile expression level (QEL) %3 (which equates to <5 FPKM in T. sarcophagae) is used as the cutoff for very low-expressing genes. Over half the venom genes (e.g., 54% in T. sarcophagae and 64% in N. vitripennis) show a high degree of specialization to the venom gland and very low expression in all other developmental stages (adult females are excluded from the analysis due to presence of the venom gland). The remaining genes show either broader expression constitutively across development (5% in T. sarcophagae and 8% in N. vitripennis) or higher expression primarily in one or more developmental stages (41% in T. sarcophagae and 28% in N. vitripennis). The non-venom orthologs of broadly expressed newly recruited venom genes are also significantly more broadly expressing than are the nonvenom orthologs of more specialized venom genes (mean 3.1 QEL > 3 versus 0.9: WRST, p = 0.022). This result suggests that broader-expressing genes likely represent a multifunctional gene set that not only has been newly recruited for venom function but also retains non-venom functions. In general, basic metabolic and immunity pathways are conserved across Venom gene expression is shown in the venom gland and female and male whole bodies of T. sarcophagae and N. vitripennis for five developmental stages (adult, pupa, larva, late embryo, and early embryo) using boxplots. Expression in all T. sarcophagae developmental stages and the T. sarcophagae and N. vitripennis venom glands was measured in an RNA-seq analysis using log2(FPKM). Expression in N. vitripennis developmental stages was measured in a tiling array analysis using median log2(fluorescence/background intensity) of probes, in which any value above the dashed line is considered expressed relative to control oligos [31] . Expression level of shared (purple, n = 33) and newly recruited (yellow, T. sarcophagae n = 34, Nasonia clade n = 16) venom genes are compared to highly expressed ribosomal protein genes (gray boxes, n = 58). Bolded red branches in the phylogenies indicate the species in which the genes are venom genes. See also Figure S3 .
insects, and therefore, parasitoid genes that are effectors of these processes could readily be recruited for similar biological effects when injected into hosts as a component of venom.
Examination of recently lost venom genes provides further insights into the life history of venom genes. We focus on N. vitripennis and Nasonia clade specific losses because losses are rare in the T. sarcophagae branch ( Figure 1A ). Contrary to expectations, only 3 of 16 venom gene losses show gene death by sequence degradation that results in a truncated or frameshifted protein sequence. The remaining 13 are venom losses due to declines in expression in the venom gland and loss in the venom proteome. Compared to shared venom genes, these remaining genes (13/16) show a large decline in venom gland expression (median 24-fold decrease, p < 0.01) and are more broadly expressed in other N. vitripennis developmental stages (71% of lost venom genes belong to the broad-expressing class versus 36% of shared venom genes; c 2 p < 0.01) (Figure 3 ). The change in expression pattern across development of these recently ''lost'' genes is also highly correlated with expression of their venom orthologs in T. sarcophagae (r = 0.83, p < 0.001, n = 36), indicating that the genes that lost venom function were derived from the class of broader-expressing venom genes. The pattern suggests that genes can more readily lose their venom function if they have another function during development. Venom genes that have been lost for a longer period of time (i.e., those lost in the Nasonia clade) have a significantly lower correlation in their expression pattern with their active venom ortholog in T. sarcophagae than do the younger species-specific losses (r = 0.5065; z = 3.68, p < 0.001), which may reflect the greater time for expression drift or recruitment to other functions. Consistent with their likely functional roles after venom function loss are signatures of purifying selection in Nasonia genes that lost venom function. Lost venom genes have an average estimated u < 1 (mean u = 0.34 ± 0.07, n = 10), and half show significant individual signatures of stabilizing selection (Table S3 ).
In conclusion, there is rapid turnover of venom genes, primarily by cis-regulated changes in venom gland expression that leads to changes in the venom repertoire in these closely related species. Nearly half of these newly recruited venom genes are coopted single-copy genes that have not evolved by the classic model of duplication and neofunctionalization. The high number of recently recruited single-copy genes suggests that singlecopy recruitment plays a large role in venom evolution. How do we explain this divergence from the standard model for the evolution of new gene functions? Evolution of new gene functions by duplication-neofunctionalization requires at least two steps, and gene duplication is a relatively slow process [1] . In contrast, the mechanism of expression specialization by co-option of existing genes allows for a much faster mechanism for adaptation to novel or changing environments. Over evolutionary time, successive shifts could lead to large changes in functional roles of single-copy genes in response to rapidly expanding or contracting host ranges and venom compositions. An outstanding question is whether co-option of single-copy genes by expression specialization is peculiar to special organs such as venom glands or is a more general but underappreciated mechanism for rapid adaptation and gene neofunctionalization. This study provides a clear example of active recruitment of genes to novel functions and suggests co-option of single-copy genes by expression evolution may be an important mechanism of gene evolution.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Venom gene expression was measured in the venom gland and in female and male whole bodies for five developmental stages (adult, pupa, larva, late embryo, and early embryo). Expression in the N. vitripennis venom gland was measured in an RNA-seq analysis using log2(FPKM), and expression in the N. vitripennis developmental stages was measured in a tiling array analysis using median log2(fluorescence/background intensity) of probes, in which any value above the dashed line is considered expressed relative to control oligos. Bolded red branches on the phylogenies indicate in which species the genes are venom genes. 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, John H. Werren (jack.werren@rochester.edu). C, by hosting three mated adult females with five hosts. Trichomalopsis sarcophagae were mated overnight with one male and one female per tube, then provided with two S. bullata pupae in cotton plugged vials. Urolepis rufipes stocks were maintained in plastic Drosophila culture bottles with $3 wasps and 30 S. bullata pupae.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

METHOD DETAILS Sample Collection for Venom Analysis
Before venom gland and reservoir collection, three newly emerged adult female wasps of each species were hosted on five S. bullata over 1-3 days. All dissections were performed under a dissecting microscope. Each wasp was placed on a depression slide in 30 mL ice-cold 1X Phosphate Buffered Saline (PBS), pH 7.5. The ovipositor containing the venom apparatus was extracted with microforceps into fresh 30 mL 1X PBS. The whole venom apparatus (venom gland and venom reservoir) was collected for venom transcriptomic analysis whereas only the venom reservoir was collected for venom proteomic analysis.
Venom Transcriptome Sequencing
Venom transcriptomes were generated for each species by pooling 50 venom apparatuses (venom gland + reservoir). Following dissections, samples were immediately collected into 40 mL of 4 C TRIzol Reagent Ò (Invitrogen) in 1.5 mL microcentrifuge tubes and stored at À80 C. Six whole bodies of adult females were also collected from U. rufipes and T. sarcophagae to acquire a more complete gene set. Total RNA extractions were performed as per the TRIzol Reagent Ò manufacturer's protocol, followed by quantification and quality checking using Agilent 2100 Bioanalyzer. . As a second filter, any contigs with expression < 50 FPKM were removed from the de novo venom transcriptome assemblies because we are interested in high expressing genes in the highly specialized venom gland. For whole body adult transcriptomes, any contigs with expression < 2 FPKM were removed. Contigs were ranked from 1 to n based on highest to lowest FPKM and assigned annotations by BLASTp to N. vitripennis genome [30] (OGS2 http://arthropods.eugenes.org/genes2/nasonia/genes/) and NCBI nr database (accessed Feb, 2014). RNaseq produced high quality transcriptomes with each library averaging 97.7% of their reads > 90 bp, 44% GC content, and a Phred score of 37. After filtering, the de novo assembled contigs were mapped to the available genomes of N. vitripennis and T. sarcophagae. The assembly and filtering were deemed high quality with 98.7% and 97.5% of the contigs mapping to the genomes of N. vitripennis and T. sarcophagae respectively. Assembled transcriptomes are available at FigShare: http://dx.doi.org/10.6084/m9.figshare.4731850.
Venom Proteomics extraction
We collected only venom reservoirs for proteomic analysis since venom is stored in the reservoir until used by the wasp [71] . Each reservoir was isolated and transferred to a 1.5 mL microcentrifuge tube on dry ice. For each species, 75-100 reservoirs were collected (in pools of 25-50) and stored at À80 C. Before protein extraction, reservoirs were thawed on ice for 5-10 min and centrifuged briefly for 30 s at 8000 g. Extraction volume was adjusted using 1X PBS, and samples were centrifuged at 12,000 g for 15 min at 4 C. The supernatant containing venom was transferred to a fresh tube, leaving behind pelleted cellular debris. Multiple extracts for each species were pooled, and total protein estimated using A280 absorbance spectroscopy assay (Thermo Scientific Nanodrop 2000). Samples were snap frozen in liquid N 2 and stored at À80 C. Proteomic analysis was designed and optimized for analyzing parasitoid wasp venom. All proteomics procedures and peptide mapping were performed by the Proteomics and Mass Spectrometry Facility, Cornell University.
Venom protein size range estimation Before sequencing, the full mass range of venom proteins (N. vitripennis and N. giraulti) was explored using 1D-SDS-PAGE. Three protein standards ranging from 2.5 to 200 kilo Daltons were used. Venom protein quantified from A280 absorbance spectroscopy assay (10ug) was verified against Escherichia coli lysate standards of 5, 10, and 15ug. Gel electrophoresis was performed in 10% Bis-Tris gel in MES buffer for 36 min at 200 V, and colloidal blue stain used to visualize the bands.
In-solution tryptic digest 5ug venom protein in 50mM Phosphate buffer pH 7.0 and 0.15M NaCl was denatured with 6M guanidine-HCl, reduced with 10mM Tris(2-carboxyethyl) phosphine (TCEP) at 56 C for 45min, and alkylated with 10mM Iodoacetamide (IAA). After 1hr incubation at room temperature under dark conditions, excess IAA was quenched with 10mM Dithiothreitol (DTT) for 30mins at room temperature. Samples were diluted to a final volume of 100 mL with 100mM Tris HCl pH 8.0 to reduce guanidine-HCl concentration < 1M. Samples were digested with 250ng trypsin (Promega, Madison, WI) at 1:20 ratio (w/w) and incubated at 37 C for 16 hr. Samples were desalted using solid phase extraction (SPE) and the eluted tryptic peptides were evaporated to dryness.
Protein identification by nano LC/MS/MS
Tryptic digests were reconstituted in 50 mL 2% Acetonitrile (ACN) with 0.5% Formic Acid (FA) and 100-200ng injected for nanoLC-ESI-MS/MS analysis carried out on LTQ-Orbitrap Elite mass spectrometer (Thermo-Fisher Scientific, San Jose, CA) interfaced with a Dionex UltiMate3000RSLCnano HPLC system (Thermo/Dionex, Sunnyvale, CA). 3 mL tryptic peptide samples were injected at 20 ml/min flow rate for on-line desalting. Separation was on a PepMap C18 RP nano column (Thermo/Dionex). Peptides were eluted with a 120 min gradient as described previously by Yang et al. [72] . The column was re-equilibrated with 2% ACN-0.1% FA for 25 min prior to each run. Positive ion mode MS survey scans were acquired for mass range of m/z 375-1800 and data was acquired with Xcalibur 2.2 (Thermo-Fisher Scientific).
Locus-based characterization of venom protein All MS and MS/MS raw spectra were processed using Proteome Discoverer 1.4 (PD1.4, Thermo). Venom proteins were identified by mapping peptides to customized venom transcriptome databases (ORF-filtered contigs with expression R 50 FPKM) using in-house licensed Mascot Daemon (version 2.3.02, Matrix Science, Boston, MA). Two-missed cleavage sites by trypsin were allowed, peptide tolerance was set to 10ppm, and MS/MS tolerance was set to 0.8 Daltons for CID. A fixed carbamidomethyl modification of cysteine was set with the following modifications: methionine oxidation, deamidation on asparagines/glutamine residues. Only significant scores for peptides defined by Mascot probability based scoring analysis (www.matrixscience.com/help/scoring_help.html#PBM) were considered for peptide identification. Additional filtering parameters for identifying the protein list were as follows: (a) $1% FDR; (b) peptide identity probability of 95% confidence interval with expectation value at 0.05 as cut-off; (c) at least one unique peptide meets the above significant hit criteria for each protein. 
Developmental stage gene expression
Trichomalopsis sarcophagae was chosen because it is the most recent common ancestor to the Nasonia clade. Genome-wide gene expression was characterized in whole body T. sarcophagae during five stages of development: early embryo, late embryo, larva, pupa and adult for both males and females, resulting in ten total transcriptomes. Virgin T. sarcophagae females were prepared by allowing host feeding for 48 hr (two hosts per female). Following this, half the females were allowed to mate individually with one male overnight; the other half was maintained unmated. Unmated females lay unfertilized eggs and therefore produce all-male progeny and mated females produce $93% daughters under the experimental conditions. This allows gene expression quantification in males and (mostly) female progeny through development. Mated and unmated females were allowed 10 hr to sting and lay eggs on S. bullata pupae inserted into foam plugs so only their anterior was available for oviposition. Females were removed and five lifestages were collected as follows: 0-10hr early embryo, 14-24hr late embryo, 44-54hr larva, yellow pupa, and newly eclosed adult. Six individuals were pooled per stage, except early embryo for which $40 individuals were pooled due to small size. Samples were collected on dry ice, homogenized in 100 mL TRIzol with an additional 900 mL TRIzol was added, and stored at À80 C.
Developmental stage sequencing and assembly Total RNA extractions, quantification, library preparation and sequencing details are as described for venom transcriptomes. Libraries from five developmental stages were indexed with unique adapters and normalized by equimolar multiplexing before sequencing on $1/12th of a lane. Pre-processing of raw reads was performed as described in earlier sections. Reads were then mapped to the official genes set of T. sarcophagae (see next section) using Burrows-Wheeler Aligner (BWA v.0. For the N. vitripennis developmental expression, a previously published tiling microarray (fully described in [31, 32] was used. For the tiling microarray, total RNA was extracted from samples of 5 different life stages, 0-10hr embryo, 18-30hr embryo, 51-57hr larva, day old yellow pupa, and 1 day post-eclosion adult of mated and unmated female. Mated females typically produce 85%-95% female offspring and unmated females produce 100% male offspring. Six replicates per sample were used, averaging 400 individuals per replicate for embryos, 300 for larvae, 20 for pupae and 20 for adults. Samples were extracted in TRIzol and sent to the Indiana University Center for Genomics and Bioinformatics for sample preparation and tiling microarray analysis. The custom 4-array (chip) set consisted of 8.4 million isothermal long-oligonucleotide probes that are 50-60 nt in length and on average span the Nasonia genome at overlapping intervals of 33bp. Background level thresholds were set on each slide with 27,000 markov model random probes that are not represented in the genome. Signal to background ratios were determined by first calling probes that fluoresced at intensities greater than 99% of the random probes' signal intensities; therefore only 1% of fluorescing probes should be false positives.
Assembly of T. sarcophagae genome
The genome of the parasitoid T. sarcophagae, sister species to the Nasonia clade, was sequenced, assembled and annotated as part of this study. The sequenced strain is highly inbred (see SNP quantification below), which facilitated assembly using Illumina short insert libraries. High molecular weight genomic DNA was extracted from whole bodies of six adult T. sarcophagae males. Paired end library was constructed using TruSeq DNA Sample Prep Kit. High coverage (52 X) paired-end sequencing was subsequently carried out using Illumina's HiSeq 2500 platform, with insert size of 300 bp. There is low genetic variation in these haplodiploid insects due to inbreeding and purging of mildly deleterious variation in haploids [73] , and the consequent low heterozygosity of the sequenced samples. These allow small insert libraries to result in good quality assemblies, particularly in coding regions (see below), and are therefore suitable for the goals of this study. Sequences were filtered using the SeqClean package ('-l 25') [74], quality-trimmed using FASTX-Toolkit ('-t 13 -l 25 -Q 33') [43] , and assembled using Velvet [50] . Whole-body de novo transcriptome assemblies obtained as described in previous section were used in Scaffolding Contigs Using BLAT And Transcripts (SCUBAT) (https://github.com/ elswob/SCUBAT) to join a small number of genomic contigs into scaffolds that reliably spanned individual genes. Ambiguous bases were resolved and scaffolds generated using GapFiller [51] and SSPACE [52] respectively, to yield a draft genome assembly (Table S3) .
Overall the assembly yielded a genome size of 242 MB in 81,540 scaffolds > 1KB with an N50 of 21KB. The longest scaffold was 350KB and the overall G+C content was 41.6%. To assess the overall quality of the genome assembly we used BUSCO [53] to measure how well universally found single-copy genes are represented in the assembly. We found that 91% of BUSCO groups from the reference arthropod genome of Nasonia vitripennis, a close relative of T. sarcophagae, are present as complete copies within the draft genome assembly and only 2.4% are completely missing. This suggests that the T. sarcophagae genome assembly is of high quality for identifying protein-coding genes. BUSCO benchmarking of the annotation set confirmed that the large majority of genes expected to be present in single copy were discovered. For the purpose of comparison, arthropod genomes have been shown to lack BUSCO genes ranging from 3 (Drosophila melanogaster) to 708 (Strigmia maritima).
Additional test for recently duplicated genes
The T. sarcophagae genome was sequenced using Illumina short read technology. It is possible that more recently diverged gene duplicates were not assembled as distinct genes due to low SNP diversity between them. Hence, we tested the hypothesis that recently duplicated genes may exist in the venom gene set (and more generally in the genome) by mapping the Illumina genomic reads back to the genome, followed by SNP profiling. We have the advantage that the strains of T. sarcophagae and other parasitoid species used in this study are highly inbred lines, therefore reducing the complexity of allelic diversity at individual loci within the sequenced genome. If a gene duplicate with a SNP exists, it would map at a frequency of approximately 50% to the reference gene. We first mapped reads (average read depth is 70 in exonic regions and 103 for the whole assembled genome) using the bwa-mem algorithm allowing the mismatch tolerance of 3% per read [75] , and identified SNP variants that have minimum frequency of 1/6 and PHRED quality of at least 20. We then identified SNPs in exons from the annotated gene set (including venom genes and non-venom orthologs), using vcftools [54] . A total of only 168 SNPs mapped to the entire exon set of T. sarcophagae, confirming that the genome strain is remarkably inbred. Moreover, none of these SNPs were located in exons of any of the venom genes. It is, therefore, unlikely that any recent gene duplicates went undetected in our study, so long as they had acquired SNPs subsequent to duplication and divergence. This method however, would not identify any gene duplication followed by rapid venom neofunctionalization in the absence of any sequence divergence in the paralogs. However, in this unlikely scenario, it would be impossible to characterize specialized expression of venom paralogs when they are identical duplicates. Therefore, to the extent possible with these data, we have ruled out missing venom gene duplications.
Annotation of T. sarcophagae genome
For annotating the draft genome assembly of T. sarcophagae, we first used RepeatMasker and Repbase Update library to identify and mask repeats in the assembly. StringTie [76] was used to generate genome-guided transcriptome assemblies to yield genome coordinates of reliably-expressed contigs (> 2 FPKM). Semi-HMM-based Nucleic Acid Parser (SNAP) [55] was used to predict gene structures de novo, using SNAP Hidden Markov models available for N. vitripennis as well as those that we generated from transcriptome and initial genome annotation by Augustus [56] . Gene sets for N. vitripennis, Drosophila melanogaster, and Apis mellifera available in NCBI GenBank were used in Exonerate [57] to obtain spliced alignments to the T. sarcophagae draft genome. We also used NCBI BLASTp with significant e-value cut-off of 1e -5 , to identify putative coding regions. Finally, we combined information from de novo gene predictions, de novo transcriptome assembly, and spliced alignments to identify 17,623 protein-coding genes in the draft genome by implementing Maker2 [61] . 
QUANTIFICATION AND STATISTICAL ANALYSIS Identification of venom genes
Statistical tests were performed in JMP Pro 11 (SAS Institute) or R 3.1.0 [77] with a significance cut-off of p < 0.05. All genes in the developmental RNaseq expression data with expression < 1 FPKM were set to 1 FPKM to avoid negative values after log transformation. We used two major criteria to identify venom genes in each species: proteome support for the predicted protein in the venom reservoir and expression support in the venom gland. First, to qualify as a venom gene, the corresponding protein must be present in the venom reservoir as determined by the proteome analysis. Second, we ranked all contigs from highest to lowest expression in the venom gland transcriptome for each species. For a contig to qualify as a venom gene, it must be (a) among the top 500 expressed contigs in the venom transcriptome and contain a signal peptide, or (b) among the top 100 expressed genes but may lack a predicted signal peptide. Signal peptide cleavage sites, which indicate the presence of a secretory signal, were predicted using SignalP 4.1 server [59] . Default D-cutoff of 0.5 and 0.45 were applied for SignalP-TM and SignalP-no TM networks. Not all hymenopteran venom proteins contain predictable signal peptides [71, 78], and we therefore include genes that are in the venom reservoir proteome and show very high expression, resulting in 10% additional venom genes being added.
Identification of orthologous gene groups
We created orthologous groups using non-redundant protein clustering in CD-HIT Suite [60, 79] . First a single database of venom protein sequences of all four species was created. Hierarchical clustering was performed at 75% sequence identity, and these parameters were independently verified in BLASTn [49] , with a significant e-value cut-off of % 1e -25 and bit score R 100. 
Gene sets for recent gains and losses
We first identified venom proteins that are shared among all four species based on meeting expression and proteome criteria for venom in every species. Species-specific venom genes were defined as those being present in only one species based on both proteome and expression support above. However, note that species-specific genes cannot be reliably identified in U. rufipes because there is not a closely related outgroup to define specific gains along the branch leading to this species. Instead, it was used as an outgroup to define species-specific gains and losses in the Nasonia-Trichomalopsis complex ( Figure S1 ). We next developed a higher confidence set of species-specific gains and losses. To reduce the probability of false positives for species-specific venom genes, we applied an additional (more stringent) criterion. Genes identified as species-specific in the initial gene set (above) were not included in our statistical analysis of species-specific genes when any non-venom ortholog of the gene in another species showed an expression level > 75% of the venom gene. The rationale of this further culling of species-specific venom genes is to remove those that lack proteome support in another species, but have high expression in the venom gland in the other species (similar in level to the putative species-specific venom gene). This extra criterion does not add any venom genes to the analysis. Rather, it allows us to create a smaller, higher confidence set of species-specific venom genes for the analyses in the paper, lowering the number of identified species-specific venom genes from 58 to 42. Similarly for species-specific losses, if a venom gene that has lost function in venom gland of one species (initially categorized as a species-specific loss) shows > 75% expression relative to any of its active venom orthologs in another species, it is not included in the conservative venom loss set. This extra criterion lowers the number of species-specific lost venom genes from 25 to 16. The same criteria are applied to identify Nasonia clade-specific gains and losses. The combined set of species-specific and Nasonia clade-specific venom gains is referred to as ''recently recruited'' venom genes. It needs to be noted that the general patterns of venom gene gains and losses are identical for both the initial and the conservative set ( Figure S3 ), and analyses that are significant for the conservative set are also significant for the initial set. 
terrestris).
More distantly related well-assembled insect genomes were also searched (Acyrthosiphon pisum, Drosophila melanogaster, Tribolium castaneum, and Bombyx mori). BLASTp with significant e-value cut-off of % 1e-5 and raw bit score R 100 was used for calling the presence of homologs. We define genes with homologs only within the pteromalids (based on the criteria above) as 'younger' genes, and those outside the pteromalids as ''older'' genes. The homologous genes in this analysis are not necessarily venom genes in these other hymenopterans, and are likely not to be so based on the high turnover rates observed in the pteromalids. Instead, these likely represent homologous non-venom gene categories that have been recruited for venom function in our target species. It should also be noted that it was not required for proteins to be reciprocal best matches to be considered homologs, therefore some paralogs may be included in this analysis. A Fisher's exact test was performed to test whether there is an association between evolutionary conservation and venom sharing status, which found the distribution of the older and younger genes was not significantly different between species-specific and shared genes (c 2 = 0.710, p = 0.40), indicating that the age of the gene as a venom protein is not correlated with its degree of evolutionary conservation.
Gene expression patterns during development
We analyzed expression patterns of shared and newly-recruited venom genes (and relevant non-venom orthologs) in T. sarcophagae and N. vitripennis during five developmental stages in both males and females. We used three sets of non-venom control genes: 1) Ribosomal genes: all ribosomal genes in the top 500 expressed contigs in the venom gland for each species, 2) Non-venom genes: all genes not considered to be a venom in the venom transcriptome with an expression > 50 FPKM for each species and 3) Neighboring genes: the closest non-venom gene upstream of venom protein in the genome; if the neighboring gene was also a venom or there was no gene within 10kb, the closest downstream gene was used. To conduct this analysis we used RNA-Seq data from male and female wasps at early embryo, late embryo, larva, pupa, and adults for T. sarcophagae and published genome-wide tiling array analysis for N. vitripennis at the same developmental stages [31, 32] . Since our data have nonparametric distributions, two-sided Wilcoxon rank-sum tests (WRST) were performed to compare expression of venom contigs in each developmental stage to ribosomal and non-venom gene controls. All p values were Bonferroni corrected to account for multiple comparisons. For additional analyses that required direct comparison of T. sarcophagae and N. vitripennis genes (i.e., lost venom analysis and multifunction analysis), expression data needed to be normalized between the two methodologies. Therefore, expression data for each developmental stage was transformed into quantiles. For N. vitripennis, all genes with expression levels below or equal to baseline expression level in each developmental stage were assigned to zero expression (mean baseline across all developmental stages = 9.2). For T. sarcophagae, contigs with < 0.5 FPKM were assigned zero expression, which closely matches the number of zero in the N. vitripennis tiling array [31, 32] . The remaining genes were divided equally into 10 groups.
We noted that venom genes fall into two general categories of expression across development, either low expressions during development (LED) or broader expressing across development (BED) Quantiles were also used to define these categories: A quantile of 3 corresponds to < 5 FPKM in T. sarcophagae and < 10.6 log2(fluorescence/background intensity) in N. vitripennis. LED genes are defined as having no life stage with quantile > 3 in either male or female pupa, larva, late embryo or early embryo, or in male adult. Female adults are excluded because they contain the venom gland. BED venom genes have a least one developmental stage with a quantile > 3. Among these, constitutively expressed venoms have a quantile > 3 in all developmental stages.
qPCR of female adults minus venom gland
In addition to venom transcriptome analyses, we performed qPCR-based characterization of expression on a subset of genes to: (a) independently verify between-species gain and loss of venom gene expression in the venom gland, and (b) confirm specialization of venom gene expression to the venom gland by testing whether they are expressed in other adult female tissues. Three sets of fifty venom glands each were collected from N. vitripennis and T. sarcophagae, as well as three sets of 15 adult female carcasses minus the venom apparatus. Total RNA was extracted with TRIzol (Ambion Ò ) and treated with DNase I Amplification Grade (Invitrogen). cDNA was synthesized using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific), as per manufacturer's protocols. qPCR was performed on two half-plates by the URGRC. Primers were designed for eight venom genes and three ribosomal housekeeping genes to serve as controls (60S acidic ribosomal protein P1, 60S ribosomal protein L9, 60S ribosomal protein L5) ( Table S2 ). As primers were designed to amplify both N. vitripennis and T. sarcophagae genes equally, degenerate bases were used for all SNPs between the two species. Venom genes from all three categories -shared, gained, and lost -were represented in the study (one shared in four species, three gained in T. sarcophagae, two gained in N. vitripennis, one lost in T. sarcophagae, and one lost in N. vitripennis). The reference for relative quantification was set to the active venom gene in each group.
Identification of single copy gene families
To determine if venom genes belonged to multigene families or are single copy, we searched for gene paralogs within species in both official genes sets and genome assemblies of N. vitripennis, N. giraulti, and T. sarcophagae. The analysis was limited to species in which genomes were available (N. vitripennis, N. giraulti, and T. sarcophagae) so that paralogs in the genome could be reliably found. Adult female and venom gland transcriptomes would have been inadequate for this task because they do not necessarily reveal a complete set of paralogs for phylogenetic analysis. Each venom protein sequence was searched against translated gene sets using BLASTp with a significant e-value cut-off of % 1e- 5 , percent ID > 40%, and coverage > 70%. To verify that genes were truly single copy and not due to missing annotations, genomes were also searched using BLASTn. A venom gene was labeled as from a single copy gene family, if the venom sequence only produced a single hit that met our criteria within all three genomes. Sequences of paralogous gene groups from N. vitripennis and T. sarcophagae were then combined for multigene family phylogenies. The genome annotation of the more distantly related M. raptor was also queried to provide additional outgroup sequences to inform the phylogenetic analysis. Protein sequences were aligned with MAFFT [80] using default settings. Alignments were trimmed using gBlocks to remove gaps [63] . Tests for positive selection on venom genes Newly recruited venom genes and genes that have lost venom function were tested for signs of positive or purifying selection using codeml in PAML. Positive selection was tested by estimating omega (u), the ratio of non-synonymous changes per non-synonymous site to synonymous changes per synonymous site (dN/dS). An u>1 indicated positive selection on the genes, u<1 indicates purifying selection, and u = 1 suggests the genes is under neutral evolution. We tested venom genes from the conservative venom set of N. vitripennis, N. giraulti, T. sarcophagae; venom genes from U. rufipes were not tested because we cannot confidently called lost or gained venom genes in U. rufipes without further outgroups. Only venom genes that had homologs in all four species were tested because of limitation with the software. For newly recruited venom genes, the branch containing the active venom was labeled in codeml tests. Twenty-seven genes that are present in all four species were tested (Table S1 ). For genes that have lost venom function in only N. vitripennis (active venoms in N. giraulti, T. sarcophagae, and U. rufipes), the N. vitripennis branch was labeled in codeml tests. Genes that lost their venom function in the Nasonia clade (active venoms T. sarcophagae, and U. rufipes) had the N. vitripennis branch, the N. giraulti branch, as well as the branch leading to the Nasonia clade labeled. Ten genes that are present in all four species were tested (Table S3) .
Protein sequences were aligned with MAFFT [80] using default settings and codon alignments were produced using pal2nal [65] . Phylogenetic reconstructions were performed using maximum-likelihood analyses with 1000 bootstrap replicates in RAxML 8.0.0 [64] . We compared the two-ratio model (m2), allowing the labeled branch(es) to have different values of u from the rest of the tree, to a null model (m2_null), in which the u on the labeled branch(es) were set to 1. Likelihood ratio test (LRTs) between the two models with significance set at p < 0.05 were conducted to determine if a more complex model fits the data significantly better. To avoid counting reads multiple times, only one SNP per 100bp region was used in the following analyses. High quality allelic differences were found in 8473 genes, including 55 venom genes conserved between both species, 16 venom genes specific to N. vitripennis, and 12 specific to N. giraulti. To compare expression levels among different samples, all reads located on specific SNPs were normalized by number of total uniquely mapped read pairs in each library. Spearman's rank correlation coefficients performed in R 3.1.2 were used to compare allelic expression divergence among different datasets.
Role of cis-regulatory elements in expression
DATA AND SOFTWARE AVAILABILITY
The accession number for the venom transcriptome raw reads is NCBI: PRJNA339536. The accession number for the T. sarcophagae developmental gene expression raw reads is NCBI: PRJNA347809. The accession number for the T. sarcophagae genome assembly and annotation is NCBI: PRJNA342820. Assembled venom contigs, proteome data, newly recruited venom trees, and tree alignments can be found at FigShare: http://dx.doi.org/10.6084/m9.figshare.4731850.
